When certain elemental metals like Cu, Sr and Nb are intercalated between the layers of Bi2Se3, a topological insulator, the intercalated systems superconduct with critical temperatures around 3 K. Naturally, in all these cases, the possibility of topological superconductivity was suggested and explored. However, in cases of Cu and Sr intercalated systems, the low-temperature scanning tunneling microscopy (STM) experiments revealed fully formed gaps where no signature of low-energy states, a requisite for topological superconductivity, was found. Here, through STM spectroscopy down to 400 mK we show that in Nbx-Bi2Se3 (x = 0.25), the spectra deviate from a BCS-like behavior and the spectral weight at low-bias is large. Our observations are consistent with the idea that the order parameter of Nbx-Bi2Se3 is nodal. Therefore, our results conclude that compared to other members of the family, Nbx-Bi2Se3 has a stronger possibility of being a topological superconductor.
Majorana fermions,
1-8 the hitherto elusive particles that were predicted to exist in the form of elementary particles described by the Dirac equation, 9 might appear as collective excitations in condensed matter systems.
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In a condensed matter system, in order for a collective excitation to be considered as a Majorana fermion, it must satisfy two conditions: (i) it must obey Dirac equation. 9, 10 This can be verified by the observation of a linear dispersion near a band crossing point.
(ii) The excitation should be its own antiparticle. 10 Both of these conditions are expected to be satisfied in topological superconductors. [11] [12] [13] Due to the topological nature and the bulk-boundary correspondence, gapless excitations described by Dirac equation are supported on the boundaries of topological superconductors. [11] [12] [13] Hence, the first condition is satisfied. The second condition is satisfied because in a superconductor, the electron and hole wave functions are mixed. This helps a superconductor achieve particle-hole symmetry leading to the gapless excitations on the surface being their own anti-particles. 14 Motivated by this idea, efforts have been made to realize condensed matter systems where topologically non-trivial bands might coexist with superconductivity. 15 The simplest approach towards that, in principle, would be to induce superconductivity in topological insulators. In reality, when certain elemental metals like Cu, Sr and Nb were intercalated between the interleaved planes of the most celebrated topological insulator Bi 2 Se 3 ,
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the resultant systems showed superconductivity with critical temperatures around 3 K in all cases. [18] [19] [20] [21] [22] In cases of Cu x -Bi 2 Se 3 and Sr x -Bi 2 Se 3 , STM experiments revealed a fully formed superconducting gap without any signature of low-energy excitations. 19, 23, 24 Observations of fully gaped superconducting gap cast doubt on * Electronic address: goutam@iisermohali.ac.in whether the superconductivity is conventional (BCS-like) or unconventional. 25 Theories and experimental observations on these compounds have also been conflicting, obscuring the realization of topological superconductivity to date. [26] [27] [28] [29] Here, we show that the third candidate in this family, Nb x -Bi 2 Se 3 , shows low-energy excitations where the superconducting gap is seen to not fully form down to 385 mK, almost one tenth of T c . Furthermore, the tunneling spectra deviate from the BCS predictions indicating the presence of a complex or mixed angular momentum symmetry in the superconducting order parameter.
In the past, it was shown that in Nb x -Bi 2 Se 3 , when the superconducting phase is realized, the topologically non-trivial properties are also preserved.
30 . An exotic nematic order in the superconducting phase of Nb xBi 2 Se 3 was also reported. 31, 32 From heat capacity measurements it was suggested that this system has a nodeless superconducting gap consistent with odd-parity pwave pairing. 33 More recently, based on proton-irradiated samples of Nb x -Bi 2 Se 3 it was claimed that the superconductivity in this system arises from odd frequency pairing where the order parameter also has symmetry protected nodes in the momentum space. 34 However, the nature of the superconducting gap has not been investigated by high energy-resolution scanning tunneling spectroscopy in the superconducting state.
High quality single crystals of Nb x -Bi 2 Se 3 were used for the measurements presented in this paper. The crystals were grown by a modified bridgeman technique. The crystals were extensively characterized by structural and magnetic measurements and as shown in the magnetization vs. temperature data in Figure 1(a) , a superconducting transition at 3.5 K was observed.
The STM and STS experiments were carried out in an ultra-high vacuum (UHV) cryostat working down to 380 mK (Unisoku system with RHK R9 controller). First a single crystal of Nb x -Bi 2 Se 3 was mounted in a low- temperature cleaving stage housed in the exchange chamber of the system where the crystal was cleaved by an in − situ cleaver at 77 K in UHV (10 −11 mbar). After cleaving, the crystal was immediately transferred by an UHV manipulator to the scanning stage hanging with three metal springs at low-temperature. This process minimized the possibility of contamination and/or modification of the pristine surface exposed by UHV cleaving. In Figure 1 (b) we show an STM topograph of an area of 20 nm x 20nm. In the image we observe disc shaped bright objects with a flat background. These bright objects are the defect states due to Nb atoms/clusters that the system has been intercalated with. 30 These objects are randomly distributed over the surface and their concentration is different in different regions of the crystal.
In Figure 1 (c) we show a different area where the density of the Nb clusters is considerably larger. However, we did not find any difference in superconducting properties between regions with different density of Nb clusters. This observation is different from the STM experiments on Sr x -Bi 2 Se 3 , 24 where the superconducting properties varied dramatically from region to region on the surface and for certain regions with lower concentration of Sr clusters, superconductivity was absent. We also found large areas where the Nb clusters are not resolved. In Figure 1(d) we show the image of a 25 nm x 25 nm area captured at an STM bias of 10 mV where the disc-shaped clusters are not seen. Under this condition, the atoms on the surface of the crystal become clearly visible. A visual inspection of the atomically resolved image reveals alternate bright and dark regions in the background. In order to confirm whether this contrast might arise due to the Nb clusters in a layer below the top surface, we found an area where the clusters as well as the well resolved atoms are seen in the same topograph (Figure 1(e) ). It is seen that the bright and dark contrast displays no correlation with the position of the clusters. Therefore, the contrast might originate from an intrinsic property of the system. A qualitative comparison of the STM image with that obtained on the compensated topological insulator BiSbTeSe 2 , 35 it can be argued that the contrast might be due to puddling of electron rich and hole rich areas on the surface. Scanning tunneling spectroscopy (STS) at 4 K at different points on the surface reveals a "Dirac cone" shape with a possi-ble Dirac point only ∼ 130 meV below the Fermi energy (Figure 1(f) ). The existence of a Dirac point so close to the Fermi energy indicates that the Dirac character of the dispersion may extend beyond the Fermi energy thereby supporting the idea of charge puddling in this case. This also indicates that the helical states of the surface may participate in superconducting pairing, fulfilling the requirement for topological superconductivity here. Now we focus on the tunneling spectroscopy on the surface of Nb x -Bi 2 Se 3 below the superconducting critical temperature. In Figure 2 (a) we show a typical STS spectrum obtained at 400 mK. Two coherence peaks followed by a low-bias dip indicating the formation of a superconducting gap is clearly visible in the spectrum. However, unlike a typical spectrum with a fully opened BCS gap, in this case, the quasiparticle density of states at zero energy is large. To note, in cases of Cu x Bi 2 Se 3 23 and Sr x Bi 2 Se 3 , 24 a fully formed superconducting gap with dI/dV = 0 at zero bias was seen. Such spectral features without a fully formed gap are reproducibly observed at large number of points on the surface. To confirm this, in Figure 2 (b) we plotted a large number of spectra obtained at different points on the green line shown in Figure 1(d) . Along the line that cuts through dark, bright and very bright regions, as it is seen, the coherence peaks appeared at the same energy indicating the insensitivity of the superconducting phase to the underlying modulation of the local density of states. To confirm this unusual robustness of the superconducting phase, we selected an area (Figure 2(c) ) where the Nb clusters as well as the darkbright contrast with an atomically resolved background can be seen and performed local tunneling spectroscopy at certain special points with different brightness (points 1, 2 and 3, for example) at 2 K, very close to the T c . As shown in Figure 2 (d) the spectra obtained at points 1, 2 and 3 did not show any qualitative difference. It is also interesting that in all these points, superconducting spectral features not only exist but also show striking similarities with each other at a temperature close to T c . This indicates that the T c is also uniform over the crystal surface, despite the presence of the underlying contrast. In Figure 3(a,b,c) we show three representative tunneling spectra (red lines) with best possible theoretical fits (black lines) using a model which relies on an extension of BCS theory. 25 Within this formalism we used Dyne's formula N s (E) = Re
, where Γ is an effective broadening parameter incorporated to take care of slight broadening of the BCS density of states possibly due to finite quasi-particle life time. 36 The fitting parameters are the superconducting energy gap ∆ and the broadening parameter Γ which is included in the theory as a complex correction to the energy E. The non-zero conductance at V = 0 is obtained by putting a relatively higher value of Γ within this theory. Apart from the large density of states at low-energy, the experimental data deviate from the theoretical lines more dramatically just above the coherence peaks where the experimental spectra show a shallow dip. This feature is too common and reproducible in this system to be ignored as a moderate deviation from the theoretical fit. Therefore, considering the observed large low-bias density of states and the deviation of the experimental spectra from fits within the BCS theory, 25 it can be concluded that the superconducting phase in Nb x -Bi 2 Se 3 has unconventional character. However, the possibility of a mixed angular momentum symmetry where an unconventional component coexists with an s-wave gap may also be possible. This is consistent with other experiments where indications of a superconducting gap with point nodes in Nb x -Bi 2 Se 3 was reported.
21
The spectrum at 400 mK smoothly evolves with increasing magnetic field as for a type II superconductor and all the spectral features disappear at a critical field of 3 Tesla (Figure 3(e,f) ). In order to further study the nature of superconductivity, we have performed the temperature dependence of the tunneling spectra (Figure 3(d) ). The spectral features associated with superconductivity gradually decrease and they completely disappear at 2.8 K, slightly below the global T c . Since the experimental data do not match with the conventional theory that we have used to fit them, evaluation of the exact temperature dependence of the gap (∆) is non-trivial. We have plotted ∆ obtained from the best possible fitting for the spectra at different temperatures (Figure 3(f) ). In the same panel we also show the expected behavior within BCS theory. 25 The experimental temperature dependence of ∆ follows the BCS-like dependence at very low temperatures but drifts away from that at higher temperatures.
While majority of the tunneling spectra obtained in the superconducting state of Nb x -Bi 2 Se 3 showed deviation from the theoretical fits as shown in Figure 3(a,b,c) , other spectral features were also often obtained at certain points on the surface for which the deviation from the theoretical spectra were more significant. Four such spectra are shown in Figure 4(a,b,c,d ). The spectrum in Figure 4 (a) is qualitatively similar to the spectra presented in Figure 3 except for the appearance of prominent dips just above the coherence peaks. To note again, all the spectra in Figure 3 deviate from the fits due to the formation of shallow dips just above the coherence peaks. Such a dip structure is predicted to exist in the tunneling spectrum between a normal metal and a superconductor with chiral pairing of the superconducting order parameter. 37, 38 Hence, an s + ip symmetry of the superconducting gap might be possible in this case. This is again consistent with earlier reports of the observation of nodal order parameter symmetry in Nb x -Bi 2 Se 3 .
For certain spectra (Figure 4(b,c) ), multiple (coherence) peaks in dI/dV spectra were observed. This might be due to the tip picking up a niobium atom from the surface which might lead to the formation of an S-I-S type of junction, where Josephson type tunneling may dominate the transport. 23 The other type of spectra obtained on Nb x -Bi 2 Se 3 showed a prominent zero-bias conductance peak. Such a zero-bias conductance peak (ZBCP) might originate from a number of sources including magnetic impurities and unconventional or topological character of the superconducting phase. Though we have ruled out the existence of magnetic impurities in our crystals, based on our STM spectroscopic results alone it is not possible to conclude whether the ZBCP indeed originates from a topological character of the superconducting phase. However, the occasionally appearing spectra presented in Figure 4 provide further support for the unconventional (non-BCS) character of superconductivity in Nb x -Bi 2 Se 3 .
In conclusion, from scanning tunneling microscopy and spectroscopy we have shown that the superconducting phase realized by intercalation of Nb in the topological insulator Bi 2 Se 3 is not described by BCS theory. The surface of Nb x -Bi 2 Se 3 shows charge puddling indicating the topological dispersion exists in the energy scale of superconductivity. Unlike in case of the sister materials Cu x -Bi 2 Se 3 and Sr x -Bi 2 Se 3 , in Nb x -Bi 2 Se 3 the superconducting energy gap does not form fully and the STM spectra showed evidence of low-energy excitations present down to a temperature ∼ 0.1 T c .
